Injection-type 1.5 mm light-emitting diodes (LEDs) with Er,O-codoped GaAs (GaAs:Er,O) have been fabricated by organometallic vapor phase epitaxy (OMVPE). Electroluminescence (EL) spectrum from the LEDs under forward bias at room temperature was dominated by the luminescence due to an Er-2O center, an Er atom located at the Ga sublattice with two adjacent O atoms, indicating that injected carriers contribute effectively to the excitation of the Er-2O center. The current density dependence of EL properties revealed an extremely large excitation cross section (approximately 10 À15 cm 2 ) of Er ions by current injection. GaInP/GaAs:Er,O/GaInP double-heterostructure (DH) LEDs have also been fabricated. The saturated EL intensity significantly increased with increasing GaAs:Er,O active-layer thickness.
Introduction
There has been increasing interest in rare-earth (RE) doped III-V semiconductors because of their luminescence due to the RE intra-4f shell transition.
1) The intra-4f shell transitions give rise to sharp emission lines whose wavelengths are largely independent of both the host materials and temperature. This stability occurs because the filled outer 5s and 5p electron shells screen transitions within the inner 4f electron shell from the interaction with the host. Luminescence properties of RE-doped III-V semiconductors have been widely investigated, since they can be used to fabricate lightemitting devices with extremely stable wavelength. It is generally recognized that, in minority carrier injection or photoexcitation of the host semiconductors, an energy transfer between the free carriers and the RE 4f shell plays an important role in RE 4f shell excitation. 2) Particular attention has been paid to Er-doped III-V semiconductors because the intra-4f shell transitions from the first excited state ( 4 I 13=2 ) to the ground state ( 4 I 15=2 ) of Er 3þ ions result in sharp luminescence lines near 1.5 mm. They have a large impact on optical communication systems operating near 1.5 mm, which is in the range of minimum transmission loss in silica-based fibers.
We have intensively investigated Er-doped III-V semiconductors grown by organometallic vapor phase epitaxy (OMVPE). 3) In Er-doped InP, it has been found that there is a threshold growth temperature between 550 and 580 C for Er incorporation to InP. The majority of Er atoms substitute the In sublattice in the lower-temperature grown InP, exhibiting high luminescence efficiency.
4) The threshold growth temperature depends on host materials. In Er-doped GaP, the temperature is higher, and the majority of Er atoms are incorporated into Ga sites in the GaP lattice even in samples grown at 650 and 700 C. 5) Oxygen has been recognized to influence strongly Errelated luminescence in semiconductors. Er ions doped in Czochralski-grown (CZ) Si containing O atoms of 10 18 cm
À3
exhibits by more than 100 times higher luminescence intensity than that of Er in float-zone (FZ) Si with higher purity. 6) In Er-doped GaAs, the introduction of O 2 into the OMVPE growth ambient produces a sharp, simple PL spectrum of Er 3þ .
7) The PL spectrum is dominated by seven emission lines under host-excited conditions at a low temperature. The Er center has been identified as an Er atom located at the Ga sublattice with two adjacent O atoms (hereafter referred as Er-2O). 8) In this article, we demonstrate room-temperature operation of 1.5 mm homostructure and double-heterostructure (DH) LEDs with Er,O-codoped GaAs (GaAs:Er,O) under forward bias.
Experimental
A low-pressure growth system having a specially designed reactor with a vertical 4-barrel structure was utilized in this work. Advantages of the growth system have been described previously.
9) The reactor pressure was kept at 10 kPa. The samples were grown on (001)-just semi-insulating GaAs substrates or (001)Si-doped GaAs substrates, misoriented 2 off to h110i direction. Triethylgallium (TEGa) and tertiarybutylarsine (TBAs) were used as source materials for GaAs growth. Er was doped with trisisopropylcyclopentadienylerbium (Er(i-PrCp) 3 ). The Er source was maintained at a constant temperature of 90 C under 1:01 Â 10 4 Pa and introduced into the reactor by a H 2 flow through a source cylinder.
18 O 2 of 38.4 ppm in Ar gas was used as an O 2 source. The O 2 content in the growth ambient was set at 0.2 ppm. H 2 S and diethylzinc (DEZn) were also used for pand n-type doping sources, respectively. PL measurements were carried out with the samples directly immersed in liquid He at 4.2 K. The photoexcitation source was a cw mode Ar þ laser with a beam diameter of 1 mm and an incident power of 180 mW. The luminescence of the sample was dispersed using a grating monochromator and detected with a liquid nitrogen-cooled Ge pin photodiode using a chopper and a lock-in amplifier. Figure 1 shows Er-related PL spectrum in GaAs codoped with Er and O, which is compared with that in GaAs doped The excitation mechanism of Er 3þ ions in GaAs is schematically shown in Fig. 2 . It is well kown that a RE atom doped in semiconductors produces a bound state like an isoelectronic trap in the bandgap. It is assumed in the figure that an Er-related luminescence center forms an acceptor-like electron trap in the bandgap of GaAs, because the energy level of the trap due to Er doped in GaAs is not clear at present. The energy-transfer mechanism under above-bandgap excitation is as follows;
Er,O-codoped GaAs
2) optical excitation generates a free electron and a free hole. The trap captures an electron to become negatively charged. The charged trap attracts a hole by Coulombic interaction and creates an electron-hole pair, or an exciton at a low temperature. The electron-hole pair recombines and part of the recombination energy is transferred to the Er 4f-shell, resulting in a 4f-shell excitation. The excited Er 4f-shell relaxes by emitting a photon, creating the Er intra-4f shell luminescence.
We investigated the dependence of Er-related PL spectra on growth conditions. The spectrum is almost independent of Er concentration up to 2 Â 10 19 cm À3 and the O 2 content in the growth ambient up to 0.8 ppm. However, the formation of the Er-2O center is greatly influenced by growth temperature.
10) The growth temperature dependence of the PL spectra is shown in Fig. 3 . The PL spectrum changes drastically between 543 and 585 C, suggesting that there is a threshold growth temperature. In samples grown at temperatures higher than 585 C, the Er-2O emission lines become weak and the PL spectrum is dominated by emission lines from other Er centers. This result means that the formation of the Er-2O center is strongly suppressed above the threshold growth temperature.
Effects of Zn-or S-doping on Er-related PL properties have also been investigated in GaAs:Er,O. 11) Figure 4 (a) shows PL spectrum in Zn-doped GaAs:Er,O with hole concentration of 1:2 Â 10 18 cm À3 , which is compared with that in GaAs:Er,O without Zn. Identical emission lines due to an Er-2O center are clearly observed in both samples. The Errelated PL spectrum in S-doped GaAs:Er,O with electron concentration of 3:4 Â 10 17 cm À3 is also shown in Fig. 4(b) . The Er-2O emission lines become weak and the PL spectrum is dominated by emission lines from other Er centers, suggesting that the formation of the Er-2O center is greatly suppressed by the doping of S.
GaAs:Er,O Homostructure Light-Emitting Diodes
The structure of LEDs is schematically shown in Fig. 5 . The growth sequence was initiated by the growth of a 0.1-mm-thick n-GaAs (3 Â 10 18 cm À3 ) buffer layer at 610 C. Then the substrate temperature decreased to 540 C, which was followed by successive growth of a 0.5-mm-thick S- GaAs. In Er,O-codoped GaAs, the PL spectrum is dominated by strong emission lines from an Er-2O center.
Fig. 2 Schematic drawing for the excitation mechanism of Er ions in
GaAs. An energy transfer between photogenerated free carriers and the Er 4f shell plays an important role in the excitation of the 4f shell. Figure 6 shows room-temperature Er-related EL spectrum for a GaAs:Er,O LED under forward bias. The current and the duty ratio were 30 mA and 50%, respectively, at a frequency of 50 Hz. The spontaneous emission was observed from a cleaved edge of the sample. For comparison, PL spectrum in GaAs:Er,O is also shown in the figure. A series of emission lines observed in the EL and PL spectra exhibit the identical wavelengths and relative intensities. It suggests that these lines originate from the same Er-2O center. Moreover, GaAs band-edge emission was not observed under the measurement conditions. Therefore, it indicates that injected carriers contribute effectively to excitation of Er ions rather than the band-edge emission of GaAs. The disappearance of the GaAs band-edge emission is related to extremely fast capture of injected carriers by a trap induced by Er and O codoping as described below. Figure 7 shows the dependence of the EL intensity of a main line observed at 1538 nm on the current density. The pulse current of 10 ms was flown with the duty of 0.5%. At lower current densities, the luminescence intensity increases linearly with the current density. At current densities higher than 10 A/cm 2 , on the other hand, the intensity exhibits a tendency to saturate because of the long excited state lifetime of Er 3þ . The saturation of the intensity implies that the concentration of optically active Er centers is a limiting parameter for the EL intensity under the forward bias.
The current density dependence of the EL intensity has been analyzed by the following rate-equation.
where N Er and N Ã Er are amounts of optically active and excited Er ions, respectively. c is the excitation cross section due to current injection. is the lifetime of the excited state 4 I 13=2 taking into account both radiative and nonradiative processes, J is the current density passing through the device, and q is the electron charge.
The current density dependence of the EL intensity can be described as follows;
with IðJÞ being the EL intensity at the current density J and I sat in the saturation regime. rad is the radiative lifetime of optically active Er ions. The fitting result to the experimental data by eq. (2) is shown by a solid line. A product of the sample is inferred to be 1:4 Â 10 À20 cm 2 s. Furthermore, considering of approximately 10 ms at room temperature, can be concluded to be 1 Â 10 À15 cm 2 . This excitation cross section has been the highest value so far, which is by two orders in magnitude larger than that of Er-doped Si LEDs (6 Â 10 À17 cm 2 ) 13) and by five orders in magnitude larger than the optical excitation cross section of Er-doped fiber amplifiers (10 À20 -10 À21 cm 2 ).
14)
5. GaInP/GaAs:Er,O/GaInP Double-Heterostructure Light-Emitting Diodes Figure 8 shows a schematic drawing of the cross-sectional structure of a GaInP/GaAs:Er,O/GaInP DH LED. The growth sequence was as follows; it was initiated by the growth of a 100-nm-thick, n-GaAs (2 Â 10 18 cm À3 ) buffer layer at 610 C. Then the substrate temperature was decreased to 540 C, which was followed by successive growth of a 900-nm-thick n-GaInP (8 Â 10 17 cm À3 ) cladding layer and a 300-nm, 600-nm or 1200-nm GaAs:Er,O active layer. 50 nm-thick undoped GaAs layers were grown on the top and bottom of the active layer. A p-GaInP (1 Â 10 18 cm À3 ) cladding layer was also 900 nm thick and a 1800-nm p-GaAs (2 Â 10 19 cm À3 ) contact layer was grown on top of the p-type cladding layer. Constant growth temperature lower than 550 C for successive growth of GaAs and GaInP layers is quite important to avoid the formation of an unintentional Ga x In 1Àx As y P 1Ày intermediate layer at GaAs/GaInP interfaces, which provides an anomalous peak with high intensity in low-temperature photoluminescence spectra in the wavelength range of 900-1000 nm. 15) Under forward bias, EL spectrum was also dominated by the Er-2O lines. 16) Figure 9 shows the current density dependence of EL intensity as a function of the active layer thickness. The result for a GaAs:Er,O homostructure LED is also shown for comparison. All the intensity is normalized by the area of an electrode for a p-GaAs contact layer. The saturated EL intensity depends on the active layer thickness. The EL intensity in a DH LED with the active layer thickness of 1200 nm is higher by a factor of approximately 20 than in the 300-nm DH LED and by approximately 50 than in the homostructure LED. The origin of the drastic enhancement in EL intensity is not clear at present, but it might be due to effective confinement of injected carriers and emitted light. Figure 10 shows the dependence of the Er excitation cross section on active layer thickness in the LEDs. The excitation cross section in the 300-nm DH LED is well comparable to that in the homostructure LED. 17) However, it exponentially decreases with increasing active layer thickness. It is noticed here that homogeneous Er excitation is assumed in calculation of the excitation cross section. The excitation cross section should be changed because of inhomogeneous excitation in the active layer. We simply assume the Er 3þ excitation rate at a position in the active layer due to energy transfer from the recombination of injected carriers is related to the product of electron and hole concentrations at the position. It is important to consider that each carrier concentration decreases exponentially with increasing distance from the heterointerfaces. The fitting result is shown by a solid line in Fig. 10 . It reveals that diffusion lengths of electron and hole are 190 and 10 nm, respectively. Both diffusion lengths are much shorter than those in an Erundoped GaAs sample. Dynamics of nonequilibrium carriers in GaAs:Er,O have been studied directly by pump and probe reflection measurements.
18) The measurements were carried out at room temperature. A mode-locked Ti:sapphire laser was used for fs pulses with a pulse width of about 100 fs, a center wavelength of about 840 nm, and a repetition rate of 82 MHz. Figure 11 shows time-resolved reflectivity in two GaAs:Er,O samples (samples A and B). Er and O concentrations are 9 Â 10 18 cm À3 and 3 Â 10 18 cm À3 in sample A, and 8 Â 10 17 cm À3 and 9 Â 10 17 cm À3 in sample B, respectively. The result in nominally undoped GaAs is also shown for comparison. Time-resolved reflectivity of undoped GaAs is governed by two relaxation components; a fast component (not shown in the figure) and a slow component. They correspond to the carrier transit lifetime from high energy level to band edge, and the carrier recombination lifetime of approximately 1 ns, respectively.
On the other hand, the reflectivity of GaAs:Er,O reveals an abrupt increase in amplitude, followed by a steep decrease down to negative in less than 10 ps and then a gradual increase in more than 100 ps. The steep decrease is due to bandgap renormalization produced by a large number of nonequilibrium carriers. 19) The recovery from the negative minimum in the time-resolved reflectivity depends strongly on Er concentration. In sample A with high Er concentration, a rapid recovery is clearly observed at the initial stage.
We have analyzed quantitatively the initial recovery observed in GaAs:Er,O. It has been found that the recovery time is almost inversely proportional to Er concentration, excitation rate at a position in the active layer due to energy transfer from the recombination of injected carriers is related to the product of electron and hole concentrations at the position. indicating that the recovery is due to the capture of nonequilibrium carriers by a trap induced by Er and O codoping. The fast capture rate in less than 10 ps is well coincident with the reduced diffusion length of carriers in GaAs:Er,O. Therefore, we need specifically designed LED structures for effective excitation of all the doped Er ions.
Conclusions
Successful operation of injection-type 1.5 mm LEDs with GaAs:Er,O has been demonstrated at room temperature. Injected carriers contributed effectively to the excitation of an Er-2O center since the band-edge emission of GaAs was never observed under forward bias. The current density dependence of EL properties revealed an extremely large excitation cross section of Er ions, approximately 10 À15 cm 2 . The EL properties have also been investigated in GaInP/ GaAs:Er,O/GaInP DH LEDs. The saturated EL intensity significantly increased with the GaAs:Er,O active-layer thickness. The Er excitation cross section, however, decreased with increasing active layer thickness. This behavior was due to reduced lifetime of injected carriers, indicating that a specially designed structure is necessary for improved performance of the LEDs.
